The cause for most cases of ALS is multi-factorial,this enhances the need to characterize and isolate specific biomarkers found in biological samples from ALS patients. To this end we use human mesenchymal stem cells (hMSC) derived from the bone marrow of six ALS patients (ALS hMSC) and identified two genes, Cytoplasmic FMR Interacting Protein 2 (CyFIP2) and Retinoblastoma (Rb) Binding Protein 9 (RbBP9) with a significant decrease in post transcriptional A to I RNA editing compared to hMSC of healthy individuals. At the transcriptional level we show abnormal expression of these two genes in ALS hMSC by quantitative real time-PCR (qRT-PCR) and Western blot suggesting a problem in the regulation of these genes in ALS. To strengthen this view we tested by qRT-PCR the expression of these genes in peripheral blood leukocytes (PBL) isolated from blood samples of 17 ALS patients and found that CyFIP2 and RbBP9 levels of expression were significantly different compared to the levels of expression of these two genes in 19 normal PBL samples. Altogether we found two novel ALS potential biomarkers in non-neural tissues from ALS patients that may have direct diagnostic and therapeutic implications to the disease.
Background
ALS is a fatal and incurable neurodegenerative disorder characterized by progressive loss of motor neurons in the spinal cord, brainstem and motor cortex, resulting in generalized weakness and muscle atrophy. ALS is the most common motor neuron disorder, with a prevalence of 6 per 100,000 at any given time [1] . Approximately 90% of the cases are sporadic, and the remaining 10% are familial [2] . Over 100 distinct mu-tations in the ubiquitously expressed enzyme Cu/Zn superoxide dismutase-1 (SOD1) have been identified in approximately 20% of familial cases of ALS [3, 4] . The striking pathological and clinical similarity between familial and sporadic disease has sparked enthusiasm that the animal models based on mutant SOD1 might provide insight into mechanisms of both sporadic and familial disease. The causes for most cases of ALS are unknown and the clinical course is highly variable, suggesting that multiple factors underlie the disease mechanism [5] . This fact enhances the need to use a multidisciplinary approach to characterize and isolate specific biomarkers found in biological samples from ALS patients. To this end we use human mesenchymal stem cells (hMSC) derivedfrom the bone marrow of ALS patients and characterize their biological potential to identify ALS related biomarkers. Bone marrow con-tains two major populations of stem cells: hematopoietic stem cells and mesenchymal stem cells occasionally referred to as bone marrow stromal cells. These cells can differentiate into cells of mesenchymal lineage such as osteoblasts, chondrocytes and adipocytes [6] . Moreover, previous study in our laboratory reveals that these stem cells bearthe rare biological capacity to survive for prolonged time under serum free culture conditions due to the production of their own survival factors, like bone morphogenetic protein [7] .
RNA editing is a post-transcriptional mechanism for expanding the proteomic repertoire. Adenosineto-inosine (A to I) RNA editing by enzymes named ADARs (adenosine deaminases acting on RNAs) is essential for normal life and development of both invertebrates and vertebrates [8] [9] [10] . When functioning improperly, this essential process, can lead to pathological conditions ranging from epilepsy to malignant gliomas [11] [12] [13] . So far, only abnormal RNA editing at the Q/R (glutamine/arginine) site of the GluR-2 gene of the AMPA (Amino-3-hydroxy-5-methyl-4-isoxazolepropionate) receptor has been identified to be implicated in ALS [14] [15] [16] [17] . It is unknown whether the RNA editing deficiency in the GluR-2 gene is part of a more global RNA problem related with ADARs activity in ALS [18] .
Here we show that ALS hMSC have abnormal pattern of RNA editing in two novel genes, CyFIP2 and RbBP9, which also expressed significantly different in hMSC and PBL of ALS patients compared with samples from normal individuals. Overall, we show that non-neural samples of ALS patients could serve as model tools to reveal potential biomarkers of the disease that could be used for future direct diagnosis of ALS in blood samples.
Results
hMSC were isolated from bone marrow samples of 6 ALS patients (ALS hMSC) and from 6 non-ALS donors, based on their known property to adhere onto a plastic surface [19] . These isolated cells were routinely characterized by the expression pattern of a number of known surface markers such as CD105 + , CD90 + , CD73
+ , CD45 − , CD19 − and CD34 − measured by FACS (Fluorescence-activated cell sorting) and by their ability to differentiate into adipocytes, osteocytes and chondrocytes, as established by The International Society for Cellular Therapy [20] . Moreover, as mentioned above we also characterized hMSC by their biological property of prolonged survival under serum free conditions [7, 21] . To this end ALS hMSC and non-ALS hMSC were cultured at low and high densities of 20 and 60 cells per square millimeter in 24 well dishes, respectively in DMEM with or without 10% serum. Cell viability in each well was determined at the end of the incubation period of 1, 2 and 3 days using a vital fluorescent dye mix containing Calcein-AM (stains living cells), Propidium iodide (PI) (stains dead cells) and Hoechst 33342 (stains all nuclei) as described previously [7] . Figure 1 shows representative results from these characterization experiments of hMSC. Overall, the biological features in ALS hMSC, surface markers expression (Fig. 1A) , cell survival (Fig. 1B) and differentiation capacity (Fig. 1C) , are indistinguishable from non-ALS hMSC.
From these common biological features between the hMSC donors we tested the hypothesis that ALS hMSC may serve as a model tools for ALS biomarker identification. We investigated in ALS hMSC the possibility that A to I conversion by RNA editing may be altered in specific target substrate genes of the ADAR-mediated RNA editing enzymes [22] , as previously observed in ALS [14] . We analyzed RNA editing levels in ALS and non-ALS hMSC of 10 target genes that are known to undergo A to I RNA editing: FANCC, BLCAP, BR-CA1, CyFIP2, RbBP9, MDM4, FLNA, GluR-2 (the Q/R site), CARD11 and [22] . RNA editing analysis was performed on cDNA synthesized by reverse transcription of RNA extracts from ALS and non-ALS hM-SC samples that were cultured with or without serum for 5 days. Figure 2A shows the results of this analysis, where only two out of the ten genes tested, CyFIP2 and RbBP9, appeared to have A to I RNA editing levels that are significantly reduced in all ALS hMSC samples when compared to the samples of hMSC of non-ALS individuals.
To verify these results we performed RT-PCR analysis on the same RNA samples from 6 ALS and 3 non-ALS hMSC with the addition of 3 new non-ALS hMSC samples as we show in Fig. 2B . The results show that CyFIP2 and RbBP9 genes are constitutively expressed in hMSC. Therefore we confirm that the decrease in RNA editing in ALS hMSC samples in Fig. 2A is due to RNA editing deficiency and not due to the lack of RNA transcription of these genes.
These results lead us to investigate the mRNA expression levels of CyFIP2 and RbBP9 genes in ALS and non-ALS hMSC cultures using qRT-PCR analysis. In these experiments we found significant expression differences for these genes between ALS and non-ALS 
Comparative analysis of cell survival of ALS hMSC (n = 4) and non-ALS (n = 2) donors at two low densities cultured for up to 3 days in the presence or absence of serum. For comparative analysis between different samples and experiments the mean values are expressed as Log of the live/dead ratio as indicated in y axis. The conditions were scored in triplicates of two independent experiments. C. ALS and non-ALS hMSC differentiate into adipocytes and osteoblasts. Cells were grown either in adipogenesis, or osteogenesis differentiation medium or in control medium (DMEM + 10%FCS) for 21 days. The cells were fixed and stained specifically to detect differentiated cells with oil red for adipocytes and Alizarin red for osteoblasts. Note that control cells show typical hMSC morphologies and did not stain with the differentiation specific dyes.
hMSC as shown in Fig. 3 . Following these experiments we examined the protein expression levels of these two genes by Western blot analysis of ALS and non-ALS hMSC protein extracts. Figure 4 shows that the protein levels of CyFIP2 and RbBP9 are significantly low in all ALS hMSC tested compared to non-ALS hMSC.
Overall, the ALS specific RNA editing pattern, found consistently in all ALS individuals for CyFIP2 and RbBP9, and the differences found at the transcriptional and translational levels of these genes, strongly support our view that ALS hMSC are useful model tool to identify possible ALS biomarkers. To strengthen the possibility that these genes could become future diagnostic ALS biomarkers, we performed several experiments on PBL samples from ALS and non-ALS individuals. After verification of the expression of these genes in ALS and non-ALS PBL samples we performed RNA editing analysis on RNA samples and found that both genes,CyFIP2 and RbBP9 are not RNA edited in PBL while the ADAR1 editing control gene BLCAP (bladder cancer associated protein) [23] showed similar RNA editing levels in all PBL samples (data not shown). Having determined that CyFIP2 and RbBP9 are not post-transcriptionally modified by A to I RNA Fig. 2 . mRNA editing levels of CyFIP2 and RbBP9 in ALS and non-ALS hMSC. A. RNA extracts were prepared from ALS (n = 6; A1-6) and non-ALS (n = 3; N1-3) hMSC at passages 3-4 that were grown in 10% FBS or DMEM alone for 5 days. cDNA was produced by in vitro reverse transcription for the RNA editing analysis. Editing efficiency of these genes was measured in the cDNA samples as % of total editing and represent as mean +/− standard deviation (s.d). Statistical analysis of the significant difference between ALS and non-ALS groups for the two genes under the two different culture conditions was performed by T-test after square root transformation. In DMEM the significance for the two genes was: CyFIP2 p = 0.01; RbBP9 p = 0.001. In FBS the significance was only for CyFIP2 p = 0.019. B. Shows RT-PCR results of the expression of CyFIP2 and RbBP9 in RNA extracts of the same 6 ALS hMSC and 6 non-ALS hMSC to confirm the expression of both genes in the samples that were analyzed in A (with the addition of three new non-ALS hMSC grown at the same culture conditions). The specificity of the PCR products was confirmed by DNA sequencing.
editing in PBL, we wanted to investigate whether these genes are differentially expressed in ALS PBL as shown above in hMSC (see Fig. 2 ). To do so, we performed qRT-PCR experiments to determine the mRNA expression levels of CyFIP2 and RbBP9 in PBL isolates from blood samples of a total of 17 ALS and 19 non-ALS individuals. Figure 5 shows the results from these experiments were we detected a significant difference in mRNA expression levels of both genes in ALS compared to non-ALS PBL samples. These results found in ALS-PBL may support that the genes CyFIP2 and RbBP9, which are also miss-expressed in ALS hMSC, could serve as diagnostic biomarker tools for detection of ALS in blood samples.
Discussion
Here we have identified two genes CyFIP2 and RbBP9 that are differentially expressed in bone marrow derived hMSC and in PBL of ALS patients. Interestingly, these genes were isolated from 10 RNA editing target genes by their different A to I RNA editing pattern found in all six samples of ALS hMSC after being kept for several passages in culture. It is still unknown what functional effect does the lack of A to I conversion of RNA editing may have on CyFIP2 and RbBP9 proteins and how this may affect ALS hMSC biology. Moreover, we also don't know the meaning of the difference in the transcriptional levels of gene expression of these two genes in the hMSC and PBL derivates from several ALS individuals. It is possible that this transcriptional difference between PBL and hMSC in ALS samples may indicate abnormal transcriptional regulation of CyFIP2 and RbBP9, which expresses itself in a different manner according to the cell type. We believe that this abnormal gene expression is product of an intrinsic molecular mechanism that is deregulated in cells of ALS patients. Transcriptional regulators such as TDP43 and FUS/TLS are good candidates to test this hypothesis since both are similar DNA/RNA binding proteins that could alter RNA processing and have been directly implicated in ALS pathogenesis in familial and in sporadic cases for TDP43 [24] . These evidences support the view that CyFIP2 and RbBP9 genes are in some way abnormally regulated in cells from ALS patients that could be implicated in the mechanisms of the disease.
Interestingly, these two gene proteins could in some way be functionally related to cell cycle control and DNA damage mediated apoptosis. RbBP9 interacts with Rb through the LXCXE sequence and can compete with and displace E2F-1 bound to Rb [25] . This interaction modulates Rb response to radiation-induced apoptosis in vivo [26] . CyFIP2 has recently been identified as a direct target of p53 induced apoptosis [27] and in particular this molecule is expressed in the nervous system since it was found to directly interact with fragile X mental retardation protein (FMRP) and to be localized in mouse brain synaptosomal extracts [28] . Moreover, the Drosophila gene ortholog CyFIP is specifically expressed in the fly nervous system and mutations of this gene, affect axons and synapses that are related with biochemically and genetically interactions of dCYFIP with dFMR1 and dRac1 [27] . Recently, upregulation of CyFIP2 has been found to facilitate, via Rac 1, increased adhesion properties of activated T cells isolated from Multiple Sclerosis patients [28] . It will be interesting to verify if CyFIP2 or RbBP9 high expression levels in ALS PBL are implicated in some way in the immunological status of the ALS individuals. Supporting this view, we have previously shown that a thymic dysfunction observed in SOD1 mice and in ALS patients might be a co-pathological factor in ALS, regardless of the disease etiology [29] .
So far, our results support the possibility that the differential expression levels of CyFIP2 and RbBP9 found in PBL of sporadic ALS patients may serve as a base for future diagnosis of sporadic ALS. To this end it is required to test the prevalence of these potential biomark-ers in ALS patient population at the different progressive stages of the disease. Together with this, it will be also important to test the specificity of these markers to ALS. Thus tests for differential expression of these genes in blood or bone marrow samples from patients suffering from other neurodegenerative diseases need to be made.
Materials and methods

Cell and tissue samples
Bone marrow samples were obtained from the iliac crest's bone marrow of six healthy donors (age 20-56 years old) and of six male ALS patients (age 43-56 years old). Peripheral blood samples were obtained from 19 healthy donors (age 21-63 years old) and of 17 ALS patients (age 30-83 years old). All volunteers in this work had signed for consent before sample donation according to the guidelines of the ethics committee of the Laniado Hospital supervised by the Israeli Health Ministry Ethics Committee conforming with The Code of Ethics of the World Medical Association (Declaration of Helsinki), printed in the British Medical Journal (18 July 1964).
Isolation and culture of hMSC
hMSC were isolated and cultured as described before [7] . hMSC at passages 3-7 were used in this study. The difference in the number of samples between ALS and non-ALS presented in Figs 1B, 2A and 4 is due to the availability of hMSC at similar passage number and growth status for the experiment. These isolated cells were routinely characterized by the expression pattern of a number of known surface markers such as CD105
+ , CD90 + , CD73 + , CD45 − , CD19 − and CD34 − (BioLegend, CA, USA) using FACS analysis in a similar way as previously reported [7] . The hMSC were further characterized by their ability to differentiate into adipocytes and osteocytes [20] . Cell viability or cell survival was assayed as previously reported [7] , by supplementing the cells at the end of the experiment with 25 μl/well of a suspension made of 20 μg/ml Calcein-AM (Invitrogen, Oregon, USA), 2 μg/ml Bisbenzimide (Hoechst 33342) (Sigma, MO, USA), and 4 μg/ml Propidium iodide (PI) (Sigma, MO, USA) in PBS. The stained cells were incubated for 20 minutes at 37
• C and then the proportion of viable cells was determined by counting Calcein-AM positive (viable) cells out of the total Hoechst positive stained nuclei. All image acquisition was made using a Nikon DXM1200f digital camera (Nikon, Japan) mounted on an inverted fluorescence Nikon Eclipse TE2000-S microscope (Nikon, Japan) using a 10x magnification objective.
Isolation of PBL from blood samples
Blood sampleswere transferred into a 50 ml tube containingred blood cells (RBC)lysis Buffer (89.9 g NH4Cl, 10.0 g KHCO3 and 2.0 ml 0.5 M EDTA dissolved in 800 ml double distillated water pH = 7.3) and incubatedat room temperature for 15 minutes.Cells were centrifugedat 1400 rpm for 10 minutes at 4
• C, The cell pellet containing Peripheral leukocytes (PBL) was resuspended in 1 ml of RBC lysis Buffer and centrifugedat 3000 rpm for 2 minutes in a microfuge.The cellpellet was resuspendedin 1 ml of phosphate buffered saline (PBS) and kept on ice for RNA extraction.
RT-PCR, quantitative realtime -PCR
(qRT-PCR)and RNA editing RNA isolation, cDNA synthesis and PCR reaction mix were performed as described previously [7] . Briefly, total RNAwas isolated from the cell pellets of hMSC cultures or of fresh PBL. The RNA (0.6-0.8 mg) was reverse-transcribed into complementary DNA (cDNA) for PCR reaction (Applied biosystem, CA, USA according to manufacturer protocol). PCR products were analyzed by electrophoresis on 2% agarose gel. The PCR primers used: GADPH forward CTTTTAACTCTGGTAAAG TGG, reverse TTTTGG CTCCCCCCTGCAAAT; Cy-FIP2 forward GCTGGTTCATCCCACAGACA, reverse AGGACAATGGGTCCATCCAG; RbBP9 forward GCTGCACTCATGGCTTCTCC, reverse AAAG TGGCCACAGTCAGTGAA.
Real time PCR reactions were carried out using SYBR green (Thermo Fisher Scientific Inc, CA,USA) on a Rotor Gene 6000 real-time rotator (Corbett Research). A non-template control was included for each gene. PCR reactions were performed in triplicate and standard curve points in duplicate. Absolute copy number values calculated from standard curves were normalized to a housekeeping gene ring finger protein 10 (RNF-10) for the hMSC, and ribosomal subunit 9 (RS9) for the PBL. Primers: RNF-10 forward AAGGGAGGTCACTGGTGTTG, reverse CTTCATCGAAGGCAGACAGA; RS9 forward CGGAGACCCTTCGAGAAATCT, reverse GC-CCATACTCGCCGATCA; CyFIP2 forward CACCT-GCTAAAAGTGCAGAGG, reverse TGTTCAGGATG GCAAAAACC; RbBP9 forward ACCTGGTTTCCAG TGTTTGG, reverse CAGAACTGTGGCCAATGATG. Differences between samples were analyzed for log2 transformed data by t-test, with significance set at P < 0.05.
The level of RNA editing, assessed by direct sequencing of the cDNA fragments, quantified by the Discovery Studio Gene (DSGene) 1.5 program (Accelrys Inc.). The reliability of this method was further verified by cloning of individual sequences. PCR products were ligated into pGem-T Easy (Promega, USA). After transformation of Escherichia coli, DNA was extracted using QIAprep Spin (QIAGEN, Israel), and individual plasmids were sequenced. The percentage of the edited clones was determined and compared to the DSGene quantification. This approach confirmed that the quantification was reliable even at low editing ratios of 5%, representing the transcript repertoire and not background noise. The following primers were used as described previously [30] 
Western blot analysis
Cell lysates of the hMSC cultures derived from ALS and healthy individuals (will refer as ALS and non-ALS respectively) were obtained with RIPA buffer (SigmaAldrich, MO, USA) in the presence of "Complete" protease inhibitor (Roche-Diagnostics, Basel, CH). Protein concentration was calculated by BCA protein assay kit (Pierce, IL, USA). Protein samples of 15.5 μg were separated by electrophoresis through gradient 4-20% SDS-polyacrylamide gels (Bio-Rad laboratories, Hercules, CA, USA) and transferred to nitrocellulose membranes (GE Healthcare, NJ, USA), then blocked with 5% (w/v) non-fat milk in Tris-buffered saline/1% tween 20 (TBS/T) for 1h. Primary antibodies were then added for overnight incubation at 4
• C; CyFIP2 (1:1000, Proteintech group Inc.), RbBP9 (1:1000, Proteintech group Inc.), β-actin as a loading control (1:2000, MP Biomedical, OH, USA), diluted in 5% Bovine serum albumin in TBS/T. Following three washes with TBS/T. Blots were probed with HRP-conjugated donkey anti-rabbit, donkey anti-mouse antibodies (Jackson Immunoresearch Laboratories, PA, USA) at 1:6000 in 5% Bovine serum albumin in TBS/T for 1h at room temperature, following three washes with TBS/T.
The detection was performed by ECL reaction (Thermo Fisher Scientific Inc, CA, USA). Protein levels were quantified by normalizing to the β-actin. Quantification of band intensities was performed by densitometry analysis using Quantity One software (Bio-Rad laboratories). Blots were stripped using 5% acetic acid for 20 min; the membrane was reused with a different antibody as described above, no more than 3 times.
Statistical analysis
T-test with two sample equal variance after square root transformation was performed to establish statistical significance between the groups. A p value of 0.05 or less was judged to be significant, and results were expressed as mean ± standard deviation of average mean.
